To investigate subalpine vegetation history on the Olympic Peninsula, Washington (USA), two pollen, macrofossil and charcoal records were studied in climatically distinct zones: Martins Lake (1415 m) in the moist Tsuga mertensiana zone and Moose Lake (1508 m) in the drier Abies lasiocarpa zone. The interpretation of fossil pollen assemblages was aided by comparisons with 308 modern assemblages from the Olympic Peninsula and western North America. Both pollen records show a cold/dry period following deglaciation (Ͼ10 000 radiocarbon years BP) with sparse tundra and little similarity to any modern pollen assemblage. In the early Holocene, when summer temperatures are thought to have been higher than present, high percentages of Alnus sinuata-type pollen at both lakes suggest increased avalanche activity. At Martins Lake warmer summers were not accompanied by forest establishment, possibly because persistent spring snow pack, snow avalanches, and/or edaphic constraints limited tree establishment at this site. The Martins Lake record shows a steplike shift in vegetation to modern Tsuga mertensiana/Abies amabilis parkland across the Mazama tephra (6730 BP). In contrast to Martins Lake, Abies lasiocarpa forest quickly established at Moose Lake in the early Holocene, though forests were probably initially open and fires may have been frequent. From 7800 to 5100 BP forests near Moose Lake shifted gradually to cooler and moister species composition, with the addition of Chamaecyparis nootkatensis, Tsuga mertensiana and Pinus, though Abies lasiocarpa remained dominant. Forest cover was probably greatest during this transition, with parklike conditions at Moose Lake beginning at c. 5100 BP. The major differences in the records between the two sites may be due to differences in the local expression of regional climatic change and/or differences in soil development and stabilization.
Introduction
Subalpine zones of the Olympic Mountains (Washington, USA) are characterized by a complex mosaic of forests and meadows (Franklin and Dyrness, 1988) ; these landscape patterns reflect the interaction of local climate, recent disturbance and geomorphology (Fonda and Bliss, 1969; Peterson, 1998) . The modern climate of the Olympic Mountains is spatially complex largely due to orographic effects on precipitation and temperature, which results in a marked rain shadow in northeastern areas (Peterson et al., 1997) . Sharp precipitation and temperature gradients cause pronounced local variations in the duration of snow pack and the severity of summer drought, both of which are important controls of tree establishment and growth in subalpine forests of the Pacific Northwest (northwestern USA and western Canada) (Rochefort 1989; Woodward et al., 1995; Peterson et al., 1997) , but little is known about the effect of past climatic conditions or climatic change on the vegetation patterns of this region. Given the complex interaction of climate with disturbance and geomorphic features in the modern landscape, the effects of past climate on vegetation were probably not spatially uniform (Brubaker and McLachlan, 1996) . The expectation of complex responses to past climate is consistent with the results of previous palaeoecological studies in montane regions (e.g., Spear, 1989; Jackson and Whitehead, 1991; Whitlock and Bartlein, 1993; Kullman, 1995) .
This study examines the postglacial history of subalpine forests at two sites in the Olympic Peninsula. These records improve the current data base for understanding long-term vegetational change at high elevations of the Pacific Northwest, as existing information comes from widely distributed sites in a broad range of forest types (Dunwiddie, 1986; Sea and Whitlock, 1995; Pellatt et al., 1998) . Our specific objectives are: (1) to develop sediment records of fossil pollen, plant macrofossil and charcoal at two sites representative of different subalpine forest communities in contrasting climates of the Olympic Mountains; (2) to compare the fossil pollen assemblages with modern assemblages from the Olympic Peninsula and western North America; and (3) to interpret the similarity and differences in vegetation histories of the two sites with regard to climate, disturbance and geomorphic controls.
Study area
The Olympic Mountains are a broad massif (100 km in diameter; maximum elevation = 2430 m) in the centre of the Olympic Peninsula, Washington. The interruption of westerly storm tracks by these mountains creates one of the strongest precipitation gradients in the world, with a moderated marine climate in the west and a more continental climate in the east and northeast (Peterson et al., 1997) . Mean annual precipitation is Ͼ500 cm at high elevations in the western and central portion of the Olympic Peninsula but falls over a distance of 50 km to 90 cm at high elevations and 45 cm at low elevations in northeastern areas (Henderson et al., 1989) . Summers are dry over the whole Peninsula: about 7% of the annual precipitation occurs in June, July and August. In subalpine zones (Ͼ1000 m), most precipitation during October-May is snow. Although snow patches may persist throughout the summer in the subalpine zone, snow pack is deeper and persists on average one month longer in western than in eastern areas.
Five major forest vegetation zones, based on the dominant latesuccessional tree species, occur on the Peninsula (Henderson et al., 1989) . The Tsuga mertensiana zone occurs above 1200 m in the western areas, while the Abies lasiocarpa zone is above 1400 m in northeastern areas (Fonda and Bliss, 1969) . The Abies amabilis zone occurs at mid-elevations (c. 800-1200 m) throughout the Peninsula, though it is restricted to wetter north aspects in the eastern areas (Fonda and Bliss, 1969) . The Tsuga heterophylla zone occupies low elevations over the whole area, but is more extensive in eastern areas where it reaches the Puget Sound coast and is usually dominated by seral Pseudotsuga menziesii. The Picea sitchensis zone occurs in wetter coastal and valleybottom areas in the west.
Both study sites are lakes formed at the end of the last major alpine glaciation (Twin Creeks II), which probably coincided with the recession of the Vashon stade in the Puget lowlands c. 13 500 radiocarbon years before present (BP) (Thackray, 1996) . Martins Lake (47°42Ј50Љ N, 123°32Ј25Љ W) is the northern of two adjacent lakes located on a ridge at 1415 m. It is a closed 0.8 ha basin with an entire watershed of Ͻ5 ha (Figure 1 ). The Martins Lake area is underlain by Tertiary sandstone and semischist (Tabor and Cady, 1978) . Annual precipitation in the area is estimated to be 520 cm, and mean January and July temperatures −2°C and 13°C respectively (Henderson et al., 1989 Moose Lake (47°53Ј00Љ N, 123°21Ј00Љ W) is located at 1508 m in the Grand Valley. It is a 3.7 ha basin with a c. 250 ha watershed and an intermittent inflowing stream (Figure 1 ). The Moose Lake area is composed of Tertiary sandstone and siltstone (Tabor and Cady, 1978) . Annual precipitation in the area is estimated to be 100 cm, and mean January and July temperatures −3°C and 15°C respectively (Henderson et al., 1989) . Moose Lake is located in subalpine forest parkland dominated by Abies lasiocarpa. Tsuga heterophylla and Pseudotsuga menziesii reach their upper elevational limit near Moose Lake. Other taxa occur in dry (Pinus contorta and Pinus albicaulis) or wet (Tsuga mertensiana) microenvironments in the area. Subalpine meadows containing Festuca idahoensis, Carex spp., Valeriana sitchensis, Pedicularis racemosa and other species occur in areas recently burned or with high snow accumulation. Shrub communities of Alnus sinuata form thickets in avalanche chutes near the lake.
Methods
Sampling and pollen analysis Both lakes were cored with a 5 cm diameter modified Livingstone piston sampler (Wright et al., 1984) . Martins Lake was cored in 1993 in the deepest location (9.2 m), and Moose Lake was cored in 1992 in the shallower (5.5 m) of two basins after attempts to core the deeper basin were unsuccessful. The cores were described and wrapped in the field and stored at 4°C at the University of Washington.
For both cores 1 cm 3 subsamples for pollen and loss-on-ignition (LOI) were taken at 3-30 cm intervals, corresponding to c. 50-500 years. Subsamples for LOI were combusted at 550°C to determine the percentage of organic carbon. Subsamples for pollen analysis were processed by the standard techniques of Faegri and Iversen (1992) , with the addition of a 7 m filter step for samples with a large clay component (Cwynar et al., 1979) . Tablets of exotic Lycopodium spores were added to the pollen samples to determine pollen concentration. Pollen grains were identified under 400 × and 1000 × magnification, and pollen percentages were calculated on a sum of at least 300 terrestrial pollen grains. Alnus sinuata-type and Alnus rubra-type pollen were separated by pore morphology (Sugita, 1994) . Pinus pollen was separated into diploxylon (Pinus contorta-type) and haploxylon types for the basal pollen zones where it was most abundant. Pollen zones for the percentage diagrams were determined by the optimal splitting procedure of Bennett (1996) .
Chronology
Chronological control for both records is provided by a combination of bulk radiometric and AMS radiocarbon dates, the age of the Mazama tephra O (6730 BP; Hallett et al., 1997) , and stratigraphic correlation. Two AMS radiocarbon dates were obtained on needle fragments in the upper half of the Martins Lake core. The sediments in the lower half of the core (below the Mazama tephra) did not contain enough macroscopic material (Ͼ150 m) for dating. The age of the transition between pollen zones in the lower half of the core was assigned by stratigraphic correlation of Pinus pollen decrease at Martins Lake (225 cm) with that at Yahoo Lake, located 35 km west of Martins Lake (Brubaker, unpublished data; Table 1 ). Four radiocarbon dates on bulk sediment and one AMS date on unidentified plant fragments were Table 1 Summary of radiocarbon dates and tephras from Martins Lake and Moose Lake, Olympic Peninsula, Washington, USA. Both accelerator mass spectrometry (AMS) and bulk sediment radiocarbon dates were used. Methods of Stuiver and Reimer (1993) (CALIB version 4.1) and data of Stuiver et al. (1998) obtained for the Moose Lake sediment core. A date of 30 790 Ϯ 1490 BP (Beta-63817) at 695-705 cm was rejected as too old, given the estimated age (13 500 BP) of alpine glacial recession (Thackray, 1996) . The AMS date at 480-488 cm (6705 Ϯ 70 BP; AA-20324) was also rejected because it is anomalous with respect to the Mazama tephra. Radiocarbon dates were calibrated to calendar years (cal. BP) (Stuiver and Reimer, 1993, version 4.1; Stuiver et al., 1998) . Given the small number of dates for each core, we calculated only average pollen accumulation rates (PAR, grains cm −2 yr −1 ) for the major pollen zones, and used pollen concentrations rather than PAR for the lowest pollen zones because the date of basal sediments is not known.
Macrofossil analysis
Macroscopic charcoal and plant macrofossils were identified from contiguous segments representing ෂ250-year intervals at each lake (ෂ5 cm at Martins Lake and ෂ15 cm at Moose Lake). Samples were soaked overnight in a 10% KOH solution, sieved (Ͼ500 m at Moose Lake, Ͼ150 m at Martins Lake), and examined at 20-70 × magnification. Conifer needles and fragments were identified with modern reference collections at the University of Washington and published keys (Dunwiddie, 1985) . Needle fragments were combined and expressed as needle equivalents and Chamaecyparis branchlets were tallied individually following Dunwiddie (1987) . All charcoal particles were also tallied in the same sieved fractions used for needle counts.
Comparison with modern pollen spectra
Fossil pollen assemblages were compared to modern pollen spectra from 308 lakes in western North American conifer forests: 67 from the Olympic Peninsula and nearby islands (Brubaker and Gavin, unpublished data), 42 from British Columbia including areas in the North Cascade Mountains , 144 from the Boreal forest of Alaska, Yukon, Northwest Territories, Alberta and Montana (sources listed in Anderson et al., 1989) , and 55 from throughout the western United States and Canada (North American Pollen Database; sources listed with references) (Figure 2 ). Surface samples from the Olympic Peninsula and the North Cascade Mountains were grouped into the five vegetation zones in the Olympic Peninsula (Picea sitchensis, Tsuga heterophylla, Abies amabilis, Tsuga mertensiana and Abies lasiocarpa). Relationships between fossil and modern assemblages were described by the squared chord distance index of dissimilarity (SCD; Overpeck et al., 1985) applied to the 20 most common pollen taxa in the combined modern and fossil data set (Abies, Pseudotsuga-type, Pinus, Cupressaceae, Betula, Alnus, Salix, Populus, Quercus, Picea, Tsuga heterophylla, Tsuga mertensiana, Rosaceae, Rumex/Oxyria, Ericaceae, Poaceae, Cyperaceae, Asteraceae, Artemisia and Chenopodiaceae/Amaranthaceae). The relationship of a given fossil sample to a modern forest type or geographic region is represented by the mean of the three most similar modern samples in a forest type or region. Previous studies with these modern data sets have shown that SCD values Ͼ0.4 indicate that two pollen spectra originate from generally different vegetation zones (e.g., subalpine versus coastal conifer forests), and values Ͻ0.1 indicate a strong degree of similarity in the composition of source vegetation (Brubaker and Gavin, unpublished data; Anderson et al., 1991) .
Results and interpretations Lithology
The Martins Lake core (277 cm) contained the Mazama tephra as a distinct lithological layer at 137-141 cm. All sediment below the Mazama tephra was extremely inorganic (Ͻ10% LOI). The sediment above the Mazama tephra consisted of gyttja (25% LOI) with indistinct laminations and abundant macrofossils (Figure 3) .
At Moose Lake, the Mazama tephra occurred at 412-413 cm in the 708 cm core. The lowest 139 cm of sediment consisted of inorganic silt (5% LOI) interrupted by bands of sand and organic material. Organic content increased to 30% from 570 to 550 cm and then gradually decreased to the surface (10%) (Figure 4 ).
Pollen and macrofossils
Martins Lake Zone MA-1 (Ͼ10000 BP, Ͼ11 200 cal. BP). The low pollen concentrations, very low organic content (Ͻ5% LOI), and near absence of conifer macrofossils and macroscopic charcoal (Table 2; Figure 3 ) suggest that the basin around Martins Lake was sparsely vegetated. Although a single macrofossil of Tsuga mertensiana indicates that this species was present within the watershed, tree pollen in this zone probably originated mainly in forests at lower elevations. Pollen percentages (Figure 3) of Tsuga mertensiana (10-40%), Abies (5-20%) and Pinus (10-50%, predominantly Pinus contorta-type) suggest that these species were common in lower-elevation forests. Moderately high Alnus sinuata-type percentages (5-30%) suggest that this shrub may have occupied disturbed areas near the site. Significant amounts of Artemisia pollen (5-10%) suggest xeric conditions in the area, possibly on talus and scree slopes surrounding the basin. Overall, MA-1 pollen assemblages show weak similarity with modern subalpine communities in the Olympic and Cascade Mountains (SCD = 0.25-0.30; Figure 5 ).
Zone MA-2 (10 000-6730 BP, 11 200-7500 cal. BP). Martins Lake probably remained above tree-line during this period, as sediment organic content (Ͻ10% LOI), arboreal PAR (Table 2) , and macrofossil content remained low (Figure 3 ). High Alnus sinuata-type percentages and PAR suggest increased avalanche disturbance. Increased percentages of Asteraceae pollen and Pteridium aquilinium spores suggest that lush herbaceous meadows were present in the area. Alnus rubra-type (c. 15%) may have been transported from lower elevations, where it was common during this period (Heusser, 1974) . Conifer pollen types are notably rare during MA-2, though isolated occurrences of Abies lasiocarpa and Tsuga mertensiana macrofossils indicate that these species were present in the lake watershed. The gradual increase in sediment organic content during this period (Figure 3 ) may indicate a slow buildup of organic soil under meadows and tree clumps. As in the previous zone, pollen assemblages showed little similarity to sites in the modern data set (SCD = 0.3; Figure 5 ).
Zone MA-3 (6730 BP to present, 7500 cal. BP to present). The Mazama tephra occurs within a major transition in pollen percentages of Alnus sinuata-type (40% to 15%), Abies and Tsuga heterophylla (c. 5% to 20%), and Tsuga mertensiana (20% to 35%; Figure 3 ). Sediment organic content (Ͼ25% LOI) and macrofossils of moist subalpine conifers also increase across this boundary, suggesting a major compositional shift in the watershed vegetation over c. 100 years. Pollen assemblages throughout MA-3 are very similar to modern spectra in Tsuga mertensiana zone sites in the Olympic Mountains (SCD Ͻ0.1; Figure 5 ), suggesting that forests at Martins Lake approached modern composition c. 6700 BP. Macrofossil assemblages suggest that Chamaecyparis nootkatensis and Abies lasiocarpa were most abundant immediately following the Mazama tephra, followed within c. 200 years by Abies amabilis. Charcoal was generally more abundant than in MA-2, with highest charcoal concentrations occurring between c. 3000 BP and 1000 BP.
Moose Lake Zone MO-1 (Ͼ c. 11 200 BP, Ͼc. 13 100 cal. BP). Low pollen concentration, organic content (c. 5% LOI), charcoal concentration, and macrofossil content indicate that tree density was low during MO-1 (Table 2; Figure 4 ). Pollen assemblages are dominated by Pinus (30-60%; mainly Pinus contorta-type), with Picea, Abies and Tsuga mertensiana pollen present in low percentages (Ͻ15%). Much of the pollen during this period probably originated from low-elevation forests where these taxa were common (McLachlan and Brubaker, 1995) . However, cold-tolerant conifers such as Pinus contorta, Abies lasiocarpa and Picea engelmannii may have been present in scattered tree clumps near Moose Lake, as indicated by a single unidentified wood fragment near the base of the core and one Picea engelmannii needle tip at the transition to zone MO-2. Non-arboreal pollen and spores consist of Asteraceae, Artemisia, Cyperaceae, monolete pteridophytes and Pteridium, suggesting open substrates in the general vicinity of the lake basin. MO-1 assemblages are generally similar (SCD = 0.2) to subalpine sites in the Canadian Rocky Mountains and Yellowstone Park in Pinus contorta-Abies lasiocarpa-Picea engelmannii forests ( Figure 5 ).
Zone MO-2 (c. 11 200-7800 BP, 13 100-8500 cal. BP). At the beginning of this zone, Alnus sinuata-type pollen increased rapidly to 70%, Pinus, Picea and Tsuga mertensiana pollen declined to trace amounts, but Abies pollen remained relatively constant (15-20%). The first continuous occurrence of Abies lasiocarpa needles, moderately high PAR (Table 2) , and increased sediment organic content (30% LOI) suggest a dramatic increase in vegetation cover in the Moose Lake watershed. However, lower-thanpresent conifer PAR suggests that tree densities were lower than in modern forests ( Table 2 ). The vegetation near Moose Lake may have been a patchy Abies lasiocarpa forest with extensive areas of Alnus sinuata shrub communities. Pollen assemblages were not similar to any sites in the modern data set for most of this zone (SCD Ͼ0.3) (Figure 5 ). High charcoal concentrations suggest that fires were more common than at any other time in the sediment record.
Zone MO-3 (7800-5100 BP, 8500-5800 cal. BP). This zone represents a series of vegetational transitions. Although herbaceous pollen assemblages approach the modern composition of eastern Olympic subalpine meadows early in MO-3, tree pollen assemblages fluctuate throughout the zone. First (c. 7800 to 6700 BP), Alnus sinuata-type pollen declines (55% to 40%) and Cupressaceae pollen increases (15% to 25%) (Figure 4) . The presence of a branchlet of Chamaecyparis nootkatensis suggests that this species is responsible for high levels of Cupressaceae pollen. Chamaecyparis nootkatensis may have replaced Alnus sinuata in avalanche tracks during this time. Second (c. 6700 to 5100 BP), slowly increasing pollen percentages of Pinus (20%), Tsuga mertensiana (15%) and Tsuga heterophylla (10%) indicate the gradual increase in the species that are currently present near the site and more mesic conditions. Macrofossils indicate Tsuga mertensiana arrived locally at c. 6500 BP. In contrast to other species, pollen and macrofossils of Abies lasiocarpa indicate that the abundance of this species remained relatively constant throughout this period. Overall, the increase in conifer PAR and percentages suggests that forest cover increased during this period (Table 2) , and the greater similarity between fossil and modern Olympic pollen assemblages than in previous zones indicates that forests near Moose Lake began to resemble high-elevation forests of the Olympic Mountains ( Figure 5 ).
Zone MO-4 (5100 BP to present, 5800 cal. BP to present). At the beginning of this zone pollen percentages of all major tree taxa became similar to percentages in Abies lasiocarpa zone sites (SCD = 0.1), indicating the establishment of the modern forest mosaic on the landscape (Figure 5 ). The presence of one Picea 
Figure 5
Degree of dissimilarity of modern pollen assemblage analogues in western North America to the Martins Lake and Moose Lake pollen records. The mean value of the squared chord distance between fossil pollen assemblages and the closest three modern pollen analogues are presented for each vegetation zone (see Figure 2) .
engelmannii needle suggests that this species existed in the area c. 2000 BP, though pollen percentages suggest low densities. Nonarboreal pollen consisted mainly of Cyperaceae and Poaceae. Several herbaceous pollen types (Poaceae, Polygonaceae, Cyperaceae and Asteraceae) increased at different times over the last c. 4000 years. Decreased conifer PAR, increased non-arboreal pollen percentages and continued decreases in sediment organic content (10-20% LOI) suggest that forest cover declined during this period (Table 2 ; Figure 4 ).
Discussion

Subalpine vegetation history and climate controls
Lateglacial period Consistent with evidence from other high-elevation sites in the Pacific Northwest, the Martins Lake and Moose Lake records indicate that forests were below their modern limits prior to 10 000 BP (Sea and Whitlock, 1995; Pellatt et al., 1998) . Non-arboreal vegetation at both sites is represented by pollen and spore taxa uncommon in the modern subalpine meadows near either site (Artemisia, Pteridium and monolete pteridophytes). These taxa indicate rocky soil and frequent disturbances to the herbaceous layer (Cwynar, 1982; 1987) . However, the presence of a Tsuga mertensiana macrofossil at Martins Lake and a wood fragment and Picea engelmannii macrofossil at Moose Lake indicates that at least a few trees were present in the watershed of each lake soon after deglaciation. Differences in the pollen assemblages and macrofossil identification indicate that a strong precipitation gradient extended across the Olympic Mountains during the Lateglacial period. As today, the presence of Tsuga mertensiana at Martins Lake suggests cool summers and high precipitation (1000-3000 mm) during the Lateglacial period (Mathewes 1993; Thompson et al., 1999) . The macrofossil of Picea engelmannii and higher-than-present Picea pollen percentages at Moose Lake are noteworthy because they suggest a wider distribution of this species than at present. Picea engelmannii is presently common in the Rocky Mountains and eastern slopes of the Cascade Mountains, where summers are cool and precipitation low (400-1200 mm; Thompson et al., 1999) . Today, it occurs only in scattered populations in the eastern Olympic Mountains and is not present near Moose Lake (Buckingham et al., 1995) . In addition, pollen assemblages at Moose Lake had a stronger similarity than Martins Lake to modern spectra in continental subalpine climates of the Canadian Rocky Mountains and Yellowstone National Park ( Figure 5) . Overall, the differences in pollen percentages from modern pollen spectra suggest colder, drier climatic and/or edaphic conditions than present, in agreement with climatic reconstructions for the Pacific Northwest (Thompson et al., 1993) . At smaller spatial scales, difference in pollen assemblages between sites indicate these conditions were more severe in the eastern than western Olympic Mountains.
Early Holocene
The vegetation near Martins Lake and Moose Lake differed strongly during the early Holocene. Abies lasiocarpa forest rapidly replaced herbaceous tundra c. 11 000 BP at Moose Lake, but trees were absent or rare until c. 7000 BP at Martins Lake ( Figures  3 and 4) . The forest expansion at Moose Lake was probably a response to a warmer and drier regional climate (Thompson et al., 1993) , which also eliminated species adapted to cold (Picea engelmannii) and moist (Tsuga mertensiana) conditions. The increased charcoal content of sediment also suggests that warmer climate caused an increase in fire size and/or frequency near Moose Lake. In contrast, the absence of evidence of trees and organic soil development at Martins Lake is surprising, considering the evidence for tree-line advance at Moose Lake and sites throughout western North America during the early Holocene (Luckman and Kearney, 1986; Clague et al., 1992; Rochefort et al., 1994; Sea and Whitlock, 1995; Pellatt et al., 1998) . Although the cause of depressed tree-line near Martins Lake is unclear, tree establishment may have been limited by late snowmelt. Differences in snowmelt dates may represent variations in local responses to large-scale climatic change in this period. For example, if the amplified seasonal cycle of solar radiation 11 000-6000 cal. BP caused colder-than-present winter temperatures (Bartlein et al., 1998) and if regionally drier climate resulted in steeper adiabatic lapse rates (Barnosky et al., 1987) , winter temperatures at high elevations in the western Olympics may have been substantially colder than at present. This possibility is supported by evidence of glacier advances 9800 to 8950 BP in the central Cascade Mountains of Washington, which suggests low temperatures and high precipitation at the beginning of this period (Heine, 1998) . As today, the western Olympic Mountains would have intercepted precipitation from moist Pacific air masses. Combined with low winter and early-spring temperatures, this precipitation may have resulted in a later melting of snow pack than at present (see below). Late snowmelt would have limited tree colonization by reducing the length of the growing season (Woodward et al., 1995; Peterson, 1998) . Alnus sinuata communities undoubtedly covered a larger proportion of the subalpine landscape near both lakes than today. Alnus sinuata is currently restricted to stream edges, lake shores and avalanche tracks, where its flexible branches are resilient to damage by sliding snow, and it has not been described as a seral species following fire in the Cascade or Olympic Mountains (Franklin and Dyrness, 1988) . The early-Holocene expansion of Alnus sinuata may have been a response to increased avalanche activity favoured by cold winter temperatures that contributed to unstable snow pack. Cold air can recrystallize fresh, shallow snow into coarse grains (depth hoar), which resist densification and do not 'settle' into a stable structure. In cold-dry continental climates, depth hoar is responsible for a lower bulk strength and a more widespread occurrence of slab avalanches than in maritime climates, even though snowfall amounts are less (Armstrong and Armstrong, 1987) . If depth hoar caused weak basal layers in the snow pack in the early Holocene, avalanche activity would have been higher, and avalanches would have had greater runout, even if total snowfall amounts were lower than modern levels. In addition, rapid snowmelt and rain-on-snow events in the spring would cause the accumulation of free water in the snow pack and the likelihood of slush avalanches (Onesti, 1985) . Slush avalanches may be released in large slabs (Onesti, 1987) , which would increase the amount of disturbance to vegetation.
Late Holocene
Both records indicate the onset of mesic conditions in the late Holocene, which is in agreement with other palaeoenvironmental records in the Pacific Northwest and palaeoclimatic reconstructions that indicate moist summer conditions (Thompson et al., 1993) . However, differences in the rates of vegetation change suggest that additional factors influenced vegetation at the spatial scales of these records. The steplike change in pollen assemblages at Martins Lake may have resulted from a threshold response of subalpine conifers in the western Olympic Mountains (e.g., Tsuga mertensiana and Abies amabilis) to a general increase in regional precipitation. However, the dramatic increase in macrofossil concentration in the sample immediately above the Mazama tephra suggests that the addition of silt-sized tephra to partially vegetated soils may have contributed to rapid forest establishment in this area. The addition of tephra to talus slopes may aid development of vegetation cover by providing safe sites for germination of dispersing seeds (F.C. Ugolini, personal communication). Studies of seedling establishment on Mount St Helens 1980 tephra, for example, have shown that the water-holding capability of siltsized tephra favours the establishment of Tsuga heterophylla seedlings (Zobel and Antos, 1997) .
At Moose Lake the lack of a steplike vegetation change suggests tephra deposition may have had little influence, because soil stabilization and forest establishment had already occurred during the early Holocene. In contrast with Martins Lake, climatic change was reflected in a series of vegetational changes. The gradual expansion of Chamaecyparis nootkatensis c. 7800 BP may have been favoured by increased summer moisture and continued avalanche disturbances (Antos and Zobel, 1986 ). This species currently co-occurs with Alnus sinuata on steep slopes and probably replaced Alnus sinuata in avalanche communities. The expansion of the modern assemblage of conifers (Abies lasiocarpa, Tsuga mertensiana, Tsuga heterophylla and Pinus spp.) c. 6000-5000 BP suggests an increase in moisture and an extension of warm summer temperatures into the mid-Holocene. This period of vegetation transition (zone MO-3) was also noted in a record from Abies lasiocarpa/Picea engelmannii forest in the North Cascade Mountains (Pellatt et al., 1998; 2000) . Cooler climate after c. 5000 BP (Thompson et al., 1993) may have resulted in the expansion of meadow vegetation, especially following fire (Agee and Smith, 1984) , and the establishment of the modern subalpine parkland by c. 3000 BP. Meadow vegetation was likely more sensitive than forest vegetation to small-scale climatic change during this period, though lake-sediment pollen records are not able to detect those changes (Gavin and Brubaker, 1999) .
Controls over subalpine vegetation change
The pollen zonation at both lakes is broadly similar to other Pacific Northwest records. The Lateglacial period (Ͼ10 000 BP) is characterized by a diverse conifer assemblage, the early Holocene (c. 10 000-6500 BP) is dominated by disturbance-adapted species (e.g., Alnus sinuata at high elevation, Alnus rubra and Pseudotsuga menziesii at low elevation), and the late Holocene (Ͻ c. 6500 BP) records the establishment of modern forest communities (e.g., Whitlock, 1992; McLachlan and Brubaker, 1995; Pellatt et al., 1998) . The similarity in forest history across a broad region with diverse topographic settings (i.e., the Pacific Northwest) indicates that large-scale atmospheric circulation exerted strong controls over patterns of regional vegetation change (Thompson et al., 1993) . At a smaller scale (i.e., within the Olympic Peninsula), differences in vegetation history result from a variety of subregional controls that alter the local climate or other site conditions influencing plant establishment and growth. The differences in the vegetation history near Martins Lake and Moose Lake are particularly striking, given the similar elevation and close proximity of these sites (1415 versus 1508 m, respectively; 30 km apart). These differences may illustrate three nonexclusive processes that cause vegetational change to vary over short distances.
Factors limiting tree establishment do not change uniformly
Mountains can modify the expression of regional climates such that the magnitude of change in limiting environmental factors varies over space (Barry, 1990) . Differences between Martins Lake and Moose Lake in the early Holocene illustrate this possibility. If winter temperature was colder than present during this period, more precipitation would have fallen as snow, resulting in deeper spring snow pack relative to modern. If snow depth increased proportionally with total precipitation, wetter areas would have experienced a much larger total increase in snow pack relative to drier areas. Thus, deeper spring snow pack would have shortened the growing season to a greater degree in western than eastern high-elevation sites on the Olympic Peninsula. The decrease in growing season may have been sufficient to maintain a lower than modern tree-line near Martins Lake, while the snowfree period was long enough at Moose Lake to support Abies lasiocarpa forest.
Biotic communities respond differently to uniform climatic change
The magnitude of climatic change may be similar for a large area, but the biotic response may differ by species or forest community (Prentice, 1986) . For example, the Martins Lake record may indicate a simultaneous threshold response of several species, while the Moose Lake record shows a gradual more individualistic species response to changing climatic conditions between the early and late Holocene. Similarly, the greater stability of Tsuga mertensiana (Martins Lake) than Abies lasiocarpa (Moose Lake) forests in the late Holocene may reflect differences in life-history traits of the dominant species and the sensitivity of the disturbance regime to climatic change. In particular, the longer lifespan of Tsuga mertensiana and longer fire-return interval in these forests compared to Abies lasiocarpa forests may cause greater inertia of Tsuga mertensiana communities to climatic change.
Soil development and stabilization vary spatially
The texture of parent material can affect soil development and vegetation history (Brubaker, 1975) . The differences between the two records during the early and mid-Holocene may be partially due to local soil factors. The coarse talus and scree within the small Martins Lake catchment could have been a poor germination site, thus delaying forest establishment during the early Holocene. The rapid forest establishment at Martins Lake following the deposition of the Mazama tephra may reflect climatic change concurrent with the tephra deposition, or, alternatively, may suggest that a lack of fine-grained substrates limited seedling establishment prior to tephra deposition.
Subalpine forest response to future climatic change
The Martins Lake and Moose Lake pollen records have at least two important implications for subalpine forest responses to future climatic warming. First, warmer summer temperatures may not cause an upward shift in elevational tree-line, as evidenced by lower than present tree-line near Martins Lake during the early Holocene. Tree-line is sensitive to a suite of climatic parameters, including winter precipitation and spring temperature, that affect the duration of the snow pack. Therefore changes in the seasonal distribution of both precipitation and temperature are probably required to cause tree-line advance (Lloyd and Graumlich, 1997) . Second, subalpine forests will probably not respond to climatic change uniformly over space because mountain environments can modify regional climatic forcing to produce complex spatial variability in local climates that affect both the direction and rate of local population responses. Overall, the Martins Lake and Moose Lake records demonstrate that the local expression of regional climatic change varies spatially in the Olympic Mountains, indicating that vegetation response to future climatic change will be complex in such areas.
